ABSTRACT CP -violating asymmetries calculated from the Breit-Wigner approximation for unstable particle propagators violate CP T . A formalism satisfying CP T invariance and unitarity is presented. Applications are given to t decays. For the decay t → bν ττ in a class of CP -violating Higgs models the CP -violating asymmetry turns out to be 10 −4 times smaller than the previously reported results.
Final-state interactions play an important role in the determination of CP and T violation. A test for CP violation is to compare the partial decay rates of a particle and its antiparticle. In this case final-state interactions are necessary since in their absence the partial decay rates are equal from CP T invariance even if CP is violated.
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Examples of interest are those involving an intermediate unstable particle, in which the final-state interaction enters into the standard calculation as the width of the unstable particle. In this case the Breit-Wigner approximation is usually introduced, under which the W gauge boson propagator is given in the unitary gauge by
where M W and Γ W are the W mass and total width, respectively. The subscript BW refers to the Breit-Wigner approximation.
This approximation violates CP T invariance and its effect can be very large in calculating delicate quantities such as CP -violating asymmetries in weak decays.
Consider the difference of the following partial rates of the t decays
in the CP -violating Higgs model of Weinberg.
2 We consider this example because (1) there is a considerable interest in these decays, 3,4 and (2) in this case the CP T violation effect due to the Breit-Wigner approximation is most drastic.
The interaction between the charged-Higgs bosons and the fermions of the model is given by
where 
where
In reaching Eq. (4) we have ignored the b-quark mass and assumed
|. The dependence of ∆ bνττ onΓ W arises because the same final state feature of Eq. (4) is that ∆ bνττ is quadratic in m τ . One power of m τ comes from
) (see Eq. (3)). The other is the price which one pays for the interference of a vector-current (due to W + ) and a scalar-current (due to H + 1 ).
Under the Breit-Wigner approximation ∆ bνττ is the largest CP asymmetry that can be produced by the standard weak currents and the interaction given by Eq. (3). The analogous asymmetries of other t decays are completely negligible:
the other semileptonic decays are suppressed by either m 2 µ or m 2 e , where m µ(e)
is the muon(electron) mass; the lowest order hadronic decays conserve CP if we ignore the small down-type quark masses. It then follows that there would be no other CP -violating asymmetries big enough to cancel ∆ bνττ , and thus the lifetime of t would not be the same as the lifetime oft, in violation of CP T invariance.
CP T violation occurred in the calculation discussed above is a consequence of the Breit-Wigner approximation, which misses an important final-state interaction phase.
Consider the W propagator in the unitary gauge. The tree-level result is
Parameterizing the one-loop W self-energy as
we find that the regularized (but unrenormalized) W propagator is
and Γ W :
where ǫ µ is the W polarization vector. It then follows from the standard on-shell renormalization procedure that
where the mass renormalization correction is ∆M 2
and
are the renormalized weak charge correction and self-energy, respectively. Complications in the longitudinal part of the propagator are usually neglected in the literature, for in most of the practical cases the k µ k ν term either vanishes (if it couples to a conserved current) or is very small (if it couples to fermions with small masses).
Compared to the Breit-Wigner approximation (Eq. (1)), the result given by Eq.
(11) has an important difference: the width term iΓ W M W is always in company with the mass term M 2 W everywhere in the formula, not just in the denominator of the propagator. Other modifications include (1) an over all screening factor Q(k 2 ) for the weak charge, and (2) a renormalized self-energy Σ R (k 2 ). Both Q(k 2 ) and Σ R (k 2 ) can have a final-state interaction phase, but their effects are likely to be less significant as they vanish at the pole (see below). The position of the pole of the propagator remains the same, i.e.,
and the relations
W −iΓW MW = 1 hold to the order of interest to us in the perturbation expansion.
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Turn to the calculation of the CP -violating asymmetries in the t decays. For the case at hand, effects arising from the weak charge screening factor Q(k 2 ) and the self-energy Σ R (k 2 ) are negligible, and hence to a good approximation the W propagator can be written as
The phase in the longitudinal part of the propagator is crucial in restoring CP T invariance of the calculation. It introduces a correction to ∆ bνττ given by Eq. (4).
The correction has the same amplitude as Eq. (4) but with the opposite sign. As a consequence, the CP T -violating result (Eq. (4)) cancels completely, as it should.
It is not totally surprising that the final-state interaction phase in the k µ k ν term of the W propagator has such a big effect. It has been noticed by the previous studies (Refs. 3, 4 ) that under the Breit-Wigner approximation the interference term of the squared amplitudes vanishes for an on-shell W . This does not happen to the correction terms however, even though they appear to be suppressed by a factor Γ W /M W .
Because of the large cancellation imposed by CP T invariance, the size of the CP -violating asymmetries induced by the mechanism discussed above turns out to be purely academic. The order-of-magnitude of the leading terms is approximately
where ∆ In general, neglecting the phase in the k µ k ν part of the W propagator will have an important implication for CP asymmetries generated from interactions involving an interference that requires a small mass insertion. The effect is expected to be small for interactions 10 involving currents of the same type, unless the finalstate interaction phase factors.
The propagator of an unstable fermion with mass m and width Γ is
where Σ R (k 2 ) is the renormalized self-energy of the fermion. The approximation in the second step of Eq. (16) corresponds to neglecting Σ R (k 2 ). The phase factor iΓ/2 in the numerator has so far been ignored in the literature. 11 Its consequence should be examined carefully. Little change is expected from an unstable scalar, whose propagator is the same as the standard Breit-Wigner form if one ignores its renormalized self-energy.
In conclusion, we have shown that the standard Breit-Wigner approximation for an unstable particle violates CP T . The effect can be large in calculating delicate quantities such as CP -violating asymmetries in some theoretical models. 
